While Optical Coherence Microscopy (OCM), Multiphoton Microscopy (MPM), and narrowband imaging are powerful imaging techniques that can be used to detect cancer, each imaging technique has limitations when used by itself. Combining them into an endoscope to work in synergy can help achieve high sensitivity and specificity for diagnosis at the point of care. Such complex endoscopes have an elevated risk of failure, and performing proper modelling ensures functionality and minimizes risk. We present full 2D and 3D models of a multimodality optical micro-endoscope to provide real-time detection of carcinomas, called a salpingoscope. The models evaluate the endoscope illumination and light collection capabilities of various modalities. The design features two optical paths with different numerical apertures (NA) through a single lens system with a scanning optical fiber. The dual path is achieved using dichroic coatings embedded in a triplet. A high NA optical path is designed to perform OCM and MPM while a low NA optical path is designed for the visible spectrum to navigate the endoscope to areas of interest and narrowband imaging. Different tests such as the reflectance profile of homogeneous epithelial tissue were performed to adjust the models properly. Light collection models for the different modalities were created and tested for efficiency. While it is challenging to evaluate the efficiency of multimodality endoscopes, the models ensure that the system is design for the expected light collection levels to provide detectable signal to work for the intended imaging.
INTRODUCTION
It is estimated that ovarian cancer (OC) accounted for more than 22,000 new diagnoses of cancer among women in 2017, and it causes more deaths than any other cancer of the female reproductive system accounting for more than 14,000 deaths per year 1 . The statistics for 2017 suggest OC has very low survival rate being the fifth deadliest cancer among women principally due to late diagnosis. Proper diagnosis is prevented due to the lack of techniques to diagnose it at early stages, the lack of symptoms, and the desire to reduce the very invasive procedures of laparoscopy to try to detect OC. There has been limited success in developing a screening method for OC, motivating our innovative method to detect early stages of OC. A successful early detection technique can improve the survival rate of affected women since stage 1 is 90%, whereas the rate at stage 3 is only 38%, with its lowest at stage 4 of 17% 1 .
OCM and MPM for cancer detection
As with many other cancers, the gold standard for OC is histology of the tissue. Unfortunately, this method is invasive due to the need to obtain a tissue sample. Additionally, preparation of the sample is time consuming, sampling error may occur, and staining of the sample is required to achieve high contrast. Histology of the tissue may take days or weeks and requires a lab setting. Alternatively, there are different techniques that can be used to identify carcinomas in vivo. The techniques that we focus on are OCM and MPM. These techniques can work in synergy to achieve high specificity and sensitivity 2 for diagnosis at the point of care. These two systems when combined take the advantage of the high contrast, high resolution imaging of MPM without the need for any contrast agents for surface microscopy of tissue, and the high spatial resolution of OCM for morphology information of the tissue. However, the combination of the two separate methods MPM and OCM may add complexity, size and cost. Additionally, narrowband imaging has been used clinically to detect cancer 15, 16 , and is useful as a lower resolution, larger field of view navigation technique to identify areas of interest for high resolution imaging.
Previous Designs
Our design was first inspired by a dual modality 3 mm diameter microendoscope presented by Dimitre Ouzounov 3 . This design shows a 9x optical zoom capability that requires no mechanical adjustment of the distal elements. The zoom is accomplished by separating the optical path of different wavelengths used in different magnifications. Multilayered dichroic surfaces are used to create these different optical paths. This design features multiphoton fluorescence imaging and one photon reflectance imaging. This unique device allowed forward viewing for navigation and imaging; a modality often requested by physicians for endoscopic imaging. While Ouzounov's design is unique and novel, we were unable to fully adapt it to our needs.
Instead we looked at adapting a Cassegrain telescope like structure to be used as a beam expander combined with a previous design (falloposcope 4 ) from our lab, to obtain our optical system, as explained in the design section below. The falloposcope features a ~65 degrees Full Field of View (FFOV) that is designed for visible navigation and fluorescent imaging. While our system does not use the fluorescent imaging and it has a slightly lower FFOV, the system utilizes the same principle of lens stacking for the optical system for a compact optical system that is easier to align and build.
An important part of our design is the laser utilized. While Ti-Sapphire laser is commonly used for MPM, it is bulky and expensive. Additionally, the laser used should be capable of performing MPM and OCM using the same optical system. It was previously demonstrated that OCM and MPM can be performed using a compact ultrafast femtosecond fiberbased supercontinuum source 5, 6 . Using such supercontinuum sources is much more effective both in space and price, but presents a challenge to the dichroic coatings since the bands that should be reflected and transmitted are wider.
Paper Overview
The analysis methods are presented in Section 2 below. Section 2.1 describes OCM, MPM and design requirements that were taken in consideration, in order to provide the reader an example of how a multimodal endoscope can be initially idealized. Section 2.2 presents the final optical design and explains the method used to arrive at this optical system. Also, a brief discussion about the dichroic surfaces in this endoscope is included and the incorporated illumination and collection systems are described. Section 2.3 identifies how models provide the ability to identify potential failures and address concerns. Section 2.4 explains in detail how the models were or were not customized to accommodate for the different modalities. This section also explains an experiment performed to obtain a reflection profile for epithelial tissue. Finally, the section includes the assumptions made in the models to decrease the complexity of model customization. In section three, significant results are presented, including design tradeoffs, results from the sequential ray trace models, and results from the non-sequential ray trace models. We conclude with the current status of this project and future plans, and the implications of results obtained by the models.
METHODS

Design Requirements
As explained by Fujimoto et al 7 , in OCT the transverse resolution Δx is directly related to the spot size on the objective lens and the focal length of the objective.
where d is the spot diameter representing an exit pupil that is fully illuminated by a Gaussian beam, λ is the wavelength, f is the focal length and NA o is the object space numerical aperture of the system in the paraxial approximation. Additionally, the transverse resolution is also related to the depth of focus (DOF) by the following relationship
Approximations for equations 1 and 2 are only valid in the paraxial limit and must be used with caution. Note that by increasing the NA o , the DOF decreases and by increasing the wavelength, the DOF increases. Therefore, in a high NA o system, the DOF can be increased by the use of larger wavelengths.
In MPM, it has been shown that the amount of fluorescence generated from a given axial plane decreases in a quadratic fashion away from the focal plane 8 . Therefore, the integrated excitation of fluorophores is a function of the axial distance z, but only light with z ≤ DOF contributes significantly to the signal. Transverse resolution Δx for MPM follows the following relationship 8 : In our application for imaging the ovaries, it was desired that the endoscope be flexible, and be introduced through the vagina wall to reach the ovaries and fallopian tubes. This restriction limited the longitudinal size of the optical system since a short rigid ferrule is desired. Also, the endoscope diameter is an important parameter. In this project, the total diameter of the endoscope was constrained to an already accepted standard, egg harvesting needles for in vitro fertilization (IVF) tools, which are approximately 3 mm in diameter. Therefore, we limited our endoscope to 3.5 mm, for an endoscope which includes a biopsy channel, an irrigation channel, and the optical system. Our biopsy mechanism has a diameter of 1.34 mm, and the irrigation channel has a diameter of .97 mm, leaving only ~1.9 mm for the optical system. During the preliminary design phase, it was decided that the lenses would be 1.5 mm in diameter, and that the high resolution systems would work in contact with the tissue. It was additionally determined that a double-clad fiber (Thorlabs, DCF13) would be used for illumination and collection. This fiber has a core NA of .12. Furthermore, all modalities including OCM, MPM and the LNA navigation channel require a scanning system. A very effective scanning system for this kind of microendoscope is presented by Lee et al 9 . This system uses a quartered piezo tube (QPT) with a cantilevered fiber fixed to one end and the other end is fixed to an acrylic collar. By applying different voltage frequencies to the x and y axis of the QPT, different scanning patterns can be achieved. Table 1 presents a summary of the desired system specifications.
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Method
The collecting areas of the double-clad fiber are modeled using object type Detector Surface using circular shape for the OCM signal captured by the core, and an annulus shape for the MPM signal collected by the first cladding. The detectors were placed at the illumination fiber location with an offset of -.001 µm to the outgoing rays to allow for propagation of the source light forward without being absorbed by the detector. The Material for the detectors is set to ABSORB, to completely emulate the collection of all incident light. The resolution of the detector is defined by number of Angular Zones, and number of Radial Zones which are set to 208 and 175 respectively. The resolution is not necessarily a concern since the total light will be collected under high resolution or low; however, higher resolution allows a visual representation of where the light hits the sensor and is useful with off-axis simulations. To evaluate the illumination efficiencies of the HNA optical path, a Detector Surface was placed at the tissue distance of 50 µm, the illumination fiber was set to illuminate with wavelengths starting at .9 µm to 1.5 µm wavelength light, non-sequential ray trace was performed for each wavelength, and the collected power by the detector was obtained and normalized to obtain the efficiency. Similarly, for the collection efficiencies, the detectors from the double-clad fiber were used and a point source was placed at the tissue location to model either the reflected light for OCT or the emitted light for MPM signals.
The collecting areas of the MMF for the visible navigation system are modeled in the same way, but the detectors were placed inside fused silica cylinders to model the fibers. Unfortunately, Optic Studio does not have the capability to model fiber propagation. Therefore, the fused silica cylinders were set to be reflective in the side surfaces to allow the ray to propagate inside the volume. The drawback of using this technique is that the fiber NA is not modeled correctly, and the cylinder will propagate rays that hit the front surface at higher angles. This was not a concern in our model since the visible FFOV for the LNA optical path is small compared to the fiber NA.
It is a good practice to keep in mind the assumptions of these models. These include constant irradiance of the fiber, and homogeneity of the tissue. Additionally, the models ignore random interference patters and speckle fields, in relation to the scattering of laser light from weakly ordered media such as tissue 13 . While such effects can contribute to the OCM signal, it is considered noise and it is anticipated that is small enough to be ignored. Also, different absorption mechanisms are ignored since they occur at a much lower probability than elastic scattering by a factor of ~10 -6 . Finally, while MPM relies on 2PEF and 3PEF, the models assume that the tissue is not fluorescent at the illumination excitation wavelengths, and that no auto-fluorophores are present in the material adding to the expected signals. The application of such phenomena, would require physical models that are complex and computationally prohibitive at current times. Therefore, the illumination and the collection of the MPM signals were modeled separately.
RESULTS
Design Tradeoffs
The most important tradeoffs were made during the design phase. Since both HNA and LNA optical paths were using the same optical system, their NAs, FOVs and image quality were dependent of each other. To achieve the desired HNA of ~.40, the LNA had to be degraded to a value of .016 instead of the .012 specified for the LNA. The HNA was prioritized to achieve MPM and OCM imaging. The final value for the HNA is .42 exceeding the requirement listed in section 2.1. Image quality was assessed using the spot diagrams of the system. During optimization of the optical system, it was noted that if the system was optimized for the HNA spot size, the LNA spot will increase and the LNA FFOV will decrease. Since the spot size is imperative for MPM lateral resolution, the HNA spot size was given preference and maintained close to ideal values by sacrificing LNA FFOV and LNA spot size. The potential results of this tradeoff are expected to be seen in the navigation modality of the endoscope. By having a larger LNA spot size, the reconstructed image by the scanning system will have less "effective pixels" for resolution 9 . Additionally, the FFOV of both systems had to be optimized for at least 100 µm FFOV in the HNA optical path; therefore, the LNA FFOV was again given lower priority to achieve this requirement. Final system specifications are listed in Table 2 .
Sequential ray trace results
After the system was optimized, the first model tested was the HNA illumination sequential model seen in Figure 9 . This model shows the light propagating from the fiber (left) to the tissue that is submerged in water (right). A collection of plots is shown in Figure 10 . Inspecting the Polychromatic Diffraction Merit Transfer Function (MTF), it can be observed that the spatial frequencies from 74 cycles/mm to 592 cycles/mm are severely affected by the obscuration of the telescope light structure. Such degradations, while affecting the resolution of the system in general, are not critical since the system will be reconstructing the image point by point. Also, this can be seen in the optical path difference (OPD) graph. The missing profile at the center, represents the light that reflects directly back to the fiber side and does not make it to the outer dichroic surface. The Seidel plot reveals that the system is mostly aberration free since most of the aberrations were mitigated by introducing negative aberrations in other surfaces. While for some, the Strehl ratio related the Huygens Point Spread Function is not representative of the optical system quality, it is generally accepted that it represents a good measurement of how close to the diffraction limit the system is. The ratio observed in this system is computed as 1.0 when tested by Optics Studio. While the computed Strehl ratio is unlikely, it suggests that the salpingoscope will have a good concentration of energy on each illuminated spot. Figure 10 also shows the spot sizes of the HNA optical path. The Airy radius obtained by the HNA system is 1.557 µm while the spot sizes across the FOV are ≤1.24 µm RMS radius, ensuring that the image will have the expected lateral resolution. Also, the spot size through focus is of importance. The graph suggests that even if the system is not at the right distance, the spot size will be maintained to a relative acceptable size to perform the intended imaging. Note that the spot size through focus shows astigmatism on the off-axis spot diagrams. While astigmatism is the dominant aberration, it is not expected to cause any problems with the imaging modalities. 
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